INTRODUCTION
Children are exposed to lead through different pathways including air, water, dust, and soil (ATSDR, 1988) . Primary and secondary prevention efforts have focused mainly on reducing the lead levels in air, water, and dust, but recently lead-contaminated soil has gained attention (ATSDR, 1988 ; Mielke et a [., 1983; Duggan and Inskip, 1985) . Most available data on soil lead exposure come from cross-sectional studies often conducted in communities with smelters (ATSDR, 1988; Mielke et al., 1983; Duggan and Inskip, 1985; Sayre et al., 1974; Charney et al., 1980 ; Clark e t a / . , 1985; Landrigan et al., 1975; Rabinowitz et a / . , 1985; Roels et al., 1980) . Recently, three prospective intervention studies were conducted in Boston, Baltimore, and Cincinnati to determine the impact of reducing soil lead levels among urban children (Weitzman et al., 1993; U.S. EPA, 1993a,b) .
Phase I of the Boston Lead-In-Soil Demonstration Project found that leadcontaminated soil abatement resulted in a modest but statistically significant re-126 ASCHENGRAU ET AL. duction in children's blood lead levels. Ten months after the soil abatement, the mean decline in blood lead levels was 2.44 pgldl following soil lead reductions averaging 1790 parts per million (ppm) while the average declines in the two comparison groups were 0.91 and 0.52 pgldl. The difference between the soil abatement and comparison groups ranged from 0.8 to 1.6 &dl when confounding variables including the preabatement blood lead level were controlled (Weitzman et al., 1993) . The individual studies in Baltimore and Cincinnati found little effect of the soil abatement on blood lead levels, perhaps because the preabatement soil lead levels were considerably lower than those in Boston (U.S. EPA 1993a,b).
The current report describes the results of Phase I1 of the Boston project, when soil abatement was conducted in the two comparison groups and follow-up was extended another year in order to assess the generalizability and persistence of the blood lead decline observed in Phase I and to determine the rate and extent of soil and dust recontamination over the 2-year follow-up period. The report also describes the results of exploratory analyses of demographic, behavioral, and environmental characteristics that influenced the efficacy of the abatement.
MATERIALS AND METHODS

Identification and Enrollment of the Study Population
Children screened for lead were considered eligible if they lived in the neighborhoods of Boston with a high incidence of lead poisoning, were under 4 years of age, and had a finger stick blood lead level from 10 to 20 pgldl. Additional children up to 4 years of age living on the same premises were also identified for enrollment. Potential participants were required to meet the following eligibility criteria: (1) the amount of peeling paint was less than 30% of the exterior walls of the child's house or 40% of the exterior walls of adjacent buildings; (2) the child's house had a yard at least 10 square feet in size that was composed, at least partly, of accessible soil andlor grass; (3) the surface soil lead levels, 1 m from the house, averaged at least 1500 ppm; (4) the house had eight or fewer apartments; (5) the child was mobile and had never been lead poisoned; and (6) the family lived on the premises for at least 3 months and had no plans to move in the near future.
Children who met these criteria had venous blood lead determinations from September 1989 through January 1990 (N = 236). One hundred fifty-two children whose blood lead levels ranged from 7 to 24 &dl were enlisted and randomly assigned to the Study Group (N = 54), Comparison Group A (N = 51), or Comparison Group B (N = 47). During Phase I, the Study Group received soil and interior dust abatement and loose paint stabilization, Comparison Group A received interior dust abatement and loose paint stabilization, and Comparison Group B received only loose paint stabilization. During Phase 11, soil abatement was conducted in Comparison Groups A and B, and residential lead-based paint removal was offered to participants in all three groups. Figure 1 describes the timing of the interventions in the three groups, hereafter called Groups S, A, and B.
Environmental Interventions
The soil abatement consisted of removing 6 in. of top soil from the entire yard, placing a water-permeable geotextile fabric over the exposed subsurface, and covering the fabric with 8 in. of clean soil and ground cover. The median lead concentration of the replacement soil was 100 ppm (range: undetectable to 620 ppm). The one-time interior dust abatement consisted of HEPA (High-Efficiency Particulate Aerosol Filter) vacuuming floors and rugs and wiping surfaces with wet cloths and furniture with oil-treated cloths. The one-time loose paint stabilization consisted of HEPA vacuuming and washing loose paint areas with trisodium phosphate and painting window wells with primer.
Fifty-seven participants also received residential lead-based paint removal during Phase 11. Deleading consisted of removing leaded paint from mouthable surfaces below 5 feet, and making intact all paint above 5 feet inside the home, common areas of multiunit buildings, and exterior areas.
Environmental Measurements and Analysis
Soil. Soil sampling was conducted at baseline and two times thereafter to monitor the rate of recontamination. At baseline, an average of eight samples were taken throughout the yard using mainly a line source sampling pattern. Follow-up samples were taken at every other previously sampled location. Soil samples were analyzed by x-ray fluorescence (XRF) at the U.S. EPA Region 1 Laboratory using strict QMQC procedures. The detection limit was 100 ppm; undetectable levels were assigned a value of 50 ppm for calculations.
Dust. Household dust sampling was conducted at baseline and three times thereafter to monitor the rate of recontamination. Dust was sampled using a hand-held dust vacuum unit (Sirchee-Spittlcr modified dust buster) that collected the sample in a fine mesh stainless steel screen. Up to six samples in each household were obtained from the window wells and floors of the kitchen, living room, and child's bedroom. The floor dust samples were later combined into a single sample because individual samples were often lighter (less than 10 kg) than considered optimal for accurate analysis. Before analysis, dust samples were passed through a 60-mesh sieve, and only the fines were analyzed. The U.S. EPA Region 1 Laboratory conducted the dust analyses by XRF using strict QMQC procedures. The detection limit was 100 ppm; undetectable levels were assigned a value of 50 ppm for calculations.
Water. Two first flush water samples were taken by the parent from the cold water kitchen faucet. Water samples were analyzed by Hall-Kimbrell Environmental Services, Inc. (Lawrence, KS) using U.S. EPA test method 239.2. The detection limit was 1 (~a i t e r ; undetectable levels were assigned a value of 0.5 &liter for calculations.
Paint. Portable XRF analyzers (Princeton Gamma Tech XK-3) were used to measure lead in paint. Up to six measurements were taken from the walls and woodwork in the kitchen, living room, and child's bedroom. The detection limit was 0.5 mg/cm2; undetectable levels were assigned a value of 0.25 mg/cm2 for calculations.
Child and Family Measures
Shortly after enrollment, trained staff members conducted standardized interviews with parents to obtain information on demographic characteristics, sources of lead exposure, and the children's behavior and play locales. Follow-up interviews, one at each subsequent round of biologic sampling, were conducted to assess any changes.
Outcome Measures
Three venous blood samples were taken over approximately a 2-year period. During Phase I, samples were obtained before abatement and, on average, 10 months after soil abatement. During Phase 11, follow-up sampling took place an average of 9 months after soil abatement.
Blood lead levels were determined by ESA Laboratories (Bedford, MA) using graphite furnace atomic absorption (Miller et a[., 1987) . The detection limit was 1 Figure 1 gives the number of children at each round of biologic sampling and intervention activity. During Phase I, all 152 children received a baseline blood lead determination and their assigned interventions. Only 3 children dropped out. Another 19 moved, but were followed, and their postabatement blood lead levels determined.
Control and Prevention (CDC).
Follow-Up of Participants
Eighty-nine children in Groups A and B received soil abatement during Phase 11. Six children did not have their yards abated because either the family was no longer interested in participating (N = I), refused (N = I), or had moved (N = 4). In addition, 57 children received residential lead-based paint abatement during Phase 11. Among the 92 children who did not receive deleading, 44 refused, 43 had moved, 2 had dropped out, and 3 were lost.
By the end of Phase I1,91 children were still participating and living at the same premises as when they enrolled. All 91 had postabatement blood lead determinations during this phase. Forty-six of these children received only soil abatement, 44 received both soil abatement and deleading, and 1 refused both interventions.
Data Analysis
Complete sample: Comparison of Phase I and Phase I1 blood lead changes. Crude analyses were conducted to describe the change in blood lead levels from before to after soil abatement (1989 to 1990 for Group S and 1990 to 1991 for Groups A and B), and over the entire study (1989 to 1991 for all groups); 95% confidence intervals were used to assess the precision of the changes.
All children who received soil abatement alone and had blood lead determinations before and after abatement were eligible for this analysis (Table 1) . Outliers were determined by examining the residual blood lead levels, that is, the difference between observed levels and those predicted from the linear regression (Draper 1966) . Three children whose postabatement residual blood lead levels were more than three standard deviations from zero were excluded (2 Group S siblings with blood lead levels of 35 and 43 &dl in 1990 and 1 Group B child with a blood lead level of 23 pgldl in 1991). Thus, 52 in Group S, 18 in Group A, and 13 in Group B were included in the final analysis. Twenty-nine Group S children who did not receive deleading during Phase I1 were also examined as a separate group.
Restricted sample: Characteristics influencing effecfiveness of soil abatement. Exploratory analyses were conducted on two subsets of the study population to identify characteristics that influenced the effectiveness of the soil abatement. The main analysis consisted of a two-way analysis of variance (ANOVA) with repeated measures on one factor (Winer, 1971 ). This analysis was conducted among children in Groups A and B combined over Phase I (no soil abatement) and Phase I1 (soil abatement phase). Group S children were not included since they received the intervention during Phase I and had no "control" period. Although based on a relatively small number of children (N = 31, 20% of the enrolled population), this longitudinal analysis was a powerful test of the determinants of blood lead changes since the children served as their own controls.
In the repeated measures analysis, the two ANOVA factors were characteristic (e.g., age, race) and time, with time as the repeated measure at 1989 (beginning of Phase I), 1990 (end of Phase I), and 1991 (end of Phase 11).
The model used was as follows:
where YUt = blood lead level for the ith child in the jth characteristic category a t time t, M = grand mean of the blood lead levels over all categories of the characteristic and time, Gj = effect of characteristic category j, Ci6) = effect of ith child in the jth characteristic category, T, = effect of time t , GTjt = interaction effect between the jth characteristic category and time t, TCtiti) = interaction effect between time t and the ith child in the jth characteristic category, and Emcijo = random error nested within each observation YGt.
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The interaction of a particular characteristic and time was of primary importance since our main interest was in the comparison of blood lead levels over Phases I and I1 between different levels of the characteristic. Interaction terms whose P values were s o . 15 were considered evidence of effect modification, This liberal significance level was arbitrarily chosen to avoid overlooking possible effect modifiers.
Characteristics examined included race, age, sex, socioeconomic status, mouthing behaviors, play locales, and the presence of other sources of lead (see Table 4 for complete list). To be included in these analyses, each category of a variable or, for variables measured twice, the joint level of each category had to be represented by at least 10% of subjects. All variables were categorized; most were dichotomized because the number of subjects was small. Cut points were based on the: (1) natural distribution (e.g., y&ino), (2) frequency distribution (e.g., 50th percentile), or (3) external considerations such as regulatory or clinical standards.
As a back-UD. an analysis of covariance (ANCOVA) on Phase I data was conducted to deteimine the ;eliability of the repeated measures results and to provide information on low prevalence characteristics (Kleinbaum el al., 1988). Based on a larger number of children (N = 147), the ANCOVA compared blood lead changes among Group S children who received the soil abatement with Group A and B children who did not.
The ANCOVA model included the postabatement blood lead level as the dependent variable, and the preabatement blood lead level, group assignment, a particular characteristic, and interaction between the characteristic and the group as independent variables. The beta coefficients were estimated using least squares methods. Interaction terms whose P values were G0.15 were again considered evidence of effect modification.
Thirty-two children from Groups A and B who received only soil abatement during Phase I1 and had all three blood lead determinations over both phases were eligible for the repeated measures analysis (Table 1) . After the exclusion of I outlier in Group B, the final repeated measures analysis was conducted on 31 children. One hundred forty-nine children from Groups S, A, and B who had follow-up blood lead determinations during Phase I were eligible for the analysis of covariance (ANCOVA). After 2 Group S outliers were excluded, the final analysis of covariance was conducted among 147 children.
Soil and Dust Recontamination Assessment
The median soil lead level (ppm) was used to characterize each yard before soil abatement and 6-10 and 18-22 months later. Premises were the unit of this analysis, and all premises that received soil abatement and whose residents permitted soil sampling were included.
The floor and window well dust lead loading levels (&m2) were used to characterize the living unit before and after soil abatement. Lead loading was calculated from the lead concentration (ppm) and dust loading (mg/m2). A single composite sample was used to characterize the floors, and the median of the samples was used to characterize the window wells. Since the dust data were log-normally distributed, the raw results were transformed using natural logarithms. The apartment or house was the unit of this analysis, and all homes that received soil abatement but no deleading, and whose residents permitted dust sampling, were included. Paired t tests were used to assess the statistical significance of the dust changes from baseline levels.
RESULTS
Complete Sample: Comparison of Phase I and II Changes in Blood
Lead Levels During Phase I1 the mean decline following soil abatement in Groups A and B combined was larger than that seen in Group S and varied considerably between the two groups ( Table 2 ). The results were virtually identical when the analysis was restricted to subjects whose blood samples were most clearly matched for season or to only one child from each family. When the data were adjusted for the starting blood lead level, the declines remained variable across groups (2.51 &dl in Group S (N = 29), 5.24 &dl in Group A ( N = 18), 2.57 pg/dl in Group B ( N = 13), and 4.18 pg/dl in Groups A and B combined (N = 31)).
When data from both phases and all three groups were combined, the mean declines were 2.89 and 3.34 pgldl, depending on the number of Group S children included. While not an ideal comparison, mean blood lead levels declined by 0.64 Includes only those children whose homes were not deleaded during Phase 11. Includes all 52 subjects from Group S irrespective of Phase I1 deleading status. pgldl in Groups A and B ( N = 31) during Phase I (no soil abatement), and so soil abatement in all three groups combined was associated with an additional decline of 2.25 to 2.70 pgldl.
When the crude changes in blood lead level between the first (1989) and last sampling round (1991) were examined, considerable variability among the three groups was again present; however, the crude blood lead decline among Groups A and B combined was quite similar to that observed in Group S (Table 3) . When adjusted for the starting (1989) blood lead level, group differences were slightly diminished (-3.93 pgldl in Group S, -5.45 pgldl in Group A, -3.10 pgldl in Group B, and -4.48 pgldl in Groups A and B combined).
Restricted Sample: Characteristics of Soil Abatement Ef$cacy Population
The characteristics of children on whom the repeated measures analysis was based (N = 31) are described in Table 4 . The majority had baseline blood lead levels of at least 10 pgldl, were from minority and low socioeconomic groups, and were over 36 months of age when the soil abatement was conducted. Most yards had baseline soil lead levels greater than 2000 ppm. Other sources of lead exposure including water, paint, and dust were also common.
The mean declines in blood lead levels among the repeated measures analysis population (N = 31) were 0.64 (95% CI: -1.71, +0.42) during Phase I and 3.63 (95% CI: -5.05, -2.21) during Phase 11. When these data were stratified according to the starting blood lead levels, the Phase I blood lead levels changed little among children with starting levels from 7 to 9 and 10 to 14 pgldl (+0.30 and +0.18, respectively) but declined by 2.50 &dl for children with levels 15-22 &dl. The Phase I1 results confirmed the direct linear relationship between blood lead levels before and after abatement. The crude declines in blood lead levels were 1.45 (95% CI: -3.98, + 1.08), 3.82 (95% CI: -6.86, -0.77), and 5.60 (95% CI: -7.22, -3.98), respectively, among children in each incremental starting blood lead category. Includes Spanish and Portuguese.
The maximum daily lead ingested from water (pg) was derived from the maximum of two available water lead levels (&iter) and the child's reported daily water intake (liter).
Includes children who were reported to eat paint chips.
' Includes window sills, paint chips. According to the repeated measures analysis, soil abatement had a similar impact on children regardless of their race, sex, neighborhood, baseline yard soil lead levels, and the presence of most other sources of lead (Table 5, . Characteristics for which differences in effectiveness were seen included socioeconomic status, age, fenitin level, consumption of canned foods imported from foreign countries, mouthing miscellaneous items, spending time away from home on a regular basis, and interior floor dust lead loading levels ( Table 5 ). The soil abatement appeared to be more beneficial to children in the higher socioeconomic levels (Classes 1,2, and 3 according to the Hoilingshead Index, P = 0.07), with low baseline fenitin levels (GI5 nglml, P = 0.12), who ate canned foods imported from foreign countries (P = 0.05), or who spent time away from home on a regular basis (e.g., day care) (P = 0.14). On the other hand, children who lived in apartments with consistently elevated floor dust lead loading levels derived almost no benefit from the soil abatement (P With regard to age, during Phase I blood lead levels increased for children aged 25-36 months, were stable for those aged 37-48 months, and decreased for those older than 48 months. During Phase 11, the two younger groups appeared to benefit more from the soil abatement (P = 0.08).
No appreciable differences in efficacy were observed for children according to window sill mouthing habits (P 2 0.15); however, children who mouthed other miscellaneous items including dirt during Phase I1 appeared to benefit more from the intervention (P = 0.08).
The analysis of covariance based on Phase I data identified several additional variables with a measurable impact on the response to soil abatement. Children who lived in nonowner occupied housing (P = 0.09), who lived with adults who had lead-related hobbies (P = 0.10), who spent time outside of the study area neighborhoods (P = 0.14), or who almost always washed their hands before meals
-Yes (N = 171
(P = 0.08) had a greater response to the intervention. The repeated measures analysis results for the former two variables were in a similar direction as described above but the P values for the interaction terms were quite large. The latter two variables were not examined in the repeated measures analysis because of small numbers.
When We examined the interrelationships between the potential effect modifiers, we found that socioeconomic status, ferritin level, and floor dust lead loading levels were associated with each other and most of the other variables. Children in the highest socioeconomic classes (Classes 1,2, and 3) were more likely to have low ferritin levels, eat canned food from foreign countries, go outside of the study area, and live with adults who have lead-related hobbies. Children with persistently elevated floor dust lead loading levels were less likely to be members of the highest socioeconomic classes, live in nonowner occupied housing, have low ferritin levels, and go outside of the study neighborhoods. It was not possible to separate the effects of these variables due to small numbers of individuals in each category.
Recontamination of Soil and Dust
Many yards had evidence of recontamination both at 6-10 and 18-22 months after soil abatement; however, the recontamination was generally at a low level ( Table 6 ). Follow-up median soil lead concentrations were, for the most part, less than 300 ppm.
At 6-12 months, mean floor lead loading levels declined markedly in Group S (P = 0.001),' but were relatively unchanged in Groups A and B (P = 0.95 and 0.15, ' The P values in this paragraph refer to the paired t tests comparing the differences from baseline to each follow-up, whereas Tables 7 and 8 describe the overall group results. respectively) ( Table 7) . At 18-22 months, mean levels in Group S rose but still remained substantially below baseline (P = 0.02). At 6-12 months, mean window well dust lead loading levels fell slightly in Group A (P = 0.77), and rose in Groups S (P = 0.02) and B (P = 0.21) ( Table 8 ). At 18-22 months, mean levels rose further in Group S (P = 0.17).
DISCUSSION
The results from Phase 11 of the Boston Lead-In-Soil Demonstration Project
confirm that soil lead abatement is associated with a decline in the blood lead levels of urban children. The magnitude of the decline was greater than that seen during Phase I, and the combined results from both phases suggest that a soil lead reduction of 2060 ppm is independently associated with a 2.25 to 2.70 pg/dl decline in blood lead levels.
Before this association can be interpreted as causal, one must consider the possible influence of seasonal and secular changes and of aging on blood lead levels of participating children. With respect to seasonal changes, longitudinal cause of difficulties in enrolling and contacting study participants and scheduling study activities. However, the findings were quite similar when the analysis was limited to subjects whose blood samples were most closely matched on calendar time.
As regards the interrelated secular changes and aging, since the 1970s U.S. blood lead levels have declined among all age groups, most likely because of decreases in lead in air and food (Annest et al., 1983) . In addition, studies have
shown that blood lead levels among high risk children rise until ages 18 to 27 months, plateau, and then decline (McMichael et al., 1985; Dietrich et al., 1993) . We estimated that these factors would lead to a 0.64 pddl blood lead decline over 11 months using children in Groups A and B. While not an ideal comparison " One composited floor dust sample was used to characterize the living unit.
These samples were taken just before soil abalement-1989 for Group S and 1990 for Groups A and B.
The unlogged value was less than 1 and so its natural log is negative. The geometric mean can be obtained by exponentiating the in mean. NA, not available.
Floor levels declined in Group S but not Groups A and B. Window well levels declined in Group A but rose in Groups S and B. Several factors may account for these results. First, the soil abatement eliminated only one of many sources of interior dust lead. Second, the one-time loose paint abatement conducted in Phase I reduced, but did not eliminate, lead-based paint and so high concentrations of leaded paint were present in virtually all homes. Third, lead dust generating household activities (e.g., renovations, lead hobbies) and inconsistent housekeeping practices may have mitigated the impact of the abatement.
The soil abatement did appear to benefit most children since no measurable differences in efficacy were observed for the majority of characteristics examined including starting blood and soil lead levels, race, neighborhood, and gender. With respect to the starting soil lead level, random measurement errors and the small number of yards with relativeIy low levels may have made it difficult to detect a doseresponse relationship.
The analysis did identify several characteristics that appeared to influence a child's response to soil abatement. First, relatively younger children, those aged 25 to 48 months, benefitted more from the intervention. This difference may reflect age-related differences in mouthing activities andlor level of parental supervision, but the relationships between age, mouthing behaviors, and soil abatement efficacy were inconsistent. According to parental report, younger children were more likely to mouth window sills and other items likely to be lead painted, but were less likely to suck their thumbs and mouth other miscellaneous items such as dirt and sand. Furthermore, children who mouthed other miscellaneous items derived a greater benefit from the intervention, regardless of their age, while no differences in efficacy were seen for other mouthing variables. No information on the level of parental supervision was available. Second, soil abatement was not effective among children with persistently elevated interior floor dust lead loading levels. This finding may have important implications for the manner in which the intervention is conducted for it may be necessary to perform interior dust abatement simultaneously, and perhaps repeatedly.
Several other characteristics appeared to enhance the soil abatement efficacy including higher socioeconomic status, living in nonowner occupied homes, low ferritin level, consumption of canned foods from foreign countries, consistently washing the child's hands before meals, spending time away from home on a regular basis, and the presence of adults in the home with lead-related hobbies. Unfortunately, most of these variables were closely correlated (the common threads were socioeconomic status and dust lead loading levels), and it was not possible to separate their effects because of small numbers. For these reasons, we consider the analyses of possible effect modifiers exploratory and requiring confirmation from other investigations. If a consistent picture emerges, identified effect modifers could be used to target particular woups and geographic areas where soil abatement would be most effective. While c information on some characteristics would be readily available to decision makers .... (e.g.,.a a speci While no systematic surveys of soil lead concentrations have been conducted on a national basis, studies in selected areas in the U.S. and abroad suggest that high levels may be common in urban areas with older homes (Davies and Thornton, 1987a) where lead-based paint was used (Ter Haar and Aranow, 1974; Mielke et al., 1984) , and where heavy vehicular traffic (Mielke et a[., 1984) and leadsenerating commercial activities are present (Davies and Thornton, 1987b) . On a population basis, even a modest decline could greatly reduce the number of children above the current action levels recommended by the CDC (Centers for Disease Control, 1991). However, the high cost of the abatement ($9600 per property in Boston) and soil disposal issues make it unlikely that this intervention will be conducted on a widescale basis. Thus, it is particularly important to identify subgroups to whom the intervention might be targeted and consider the costeffectiveness of various interventions as we plan effective strategies for reducing lead exposure among children across the United States.
